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Baryons in the 3P0 Model
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1Department of Physics, Shanghai University, Shanghai 200444, China
All excited Λc baryon candidates are systematically studied in a
3P0 strong decay model. Pos-
sible Okubo-Zweig-Iizuka(OZI)-allowed strong decay channels of Λc(2595)
+, Λc(2625)
+, Λc(2765)
+
(Σc(2765)
+), Λc(2860)
+, Λc(2880)
+ and Λc(2940)
+ are given. The strong decay widths and some im-
portant branching ratios of these states are computed, and possible assignments of these Λc baryons
are given. (1), Λc(2595)
+ and Λc(2625)
+ are possibly the 1P -wave charmed baryons Λc1(
1
2
−
) and
Λc1(
3
2
−
), respectively. (2), Λc(2765)
+ (Σc(2765)
+) seems impossibly the 1P -wave Λc, it could be
the 2S-wave or 1D-wave charmed baryon. So far, the experimental information has not been suf-
ficient for its identification. (3), Λc(2860)
+ seems impossibly 2S-wave charmed baryon, it may be
the P -wave Λ˜c2(
3
2
−
) or Λ˜c2(
5
2
−
), it could also be the D-wave Λˇ2c1(
1
2
+
) or Λˇ2c1(
3
2
+
). If the hypoth-
esis that Λc(2860)
+ has JP = 3
2
+
is true, Λc(2860)
+ is possibly the D-wave Λˇ2c1(
3
2
+
) which has a
predicted branching ratio R = Γ(Σc(2520)π)/Γ(Σc(2455)π) = 2.8. (4), Λc(2880)
+ is impossibly a
1P -wave or 2S-wave charmed baryon, it may be a D-wave Λˇ2c3(
5
2
+
) with Γtotal = 1.3 MeV. The
predicted branching ratio R = Γ(Σc(2520)π)/Γ(Σc(2455)π) = 0.35, which is consistent with experi-
ment. (5), Λc(2940)
+ is the P -wave Λ˜c2(
3
2
−
) or Λ˜c2(
5
2
−
), it is also possibly the D-wave Λˇ2c3(
5
2
+
) or
Λˇ2c3(
7
2
+
). It is possible to distinguish the two assignments in P -wave or D-wave excitations through
the measurement of R = Γ(Σc(2520)π)/Γ(Σc(2455)π).
PACS numbers:
I. INTRODUCTION
In the past years, in addition to established ground
states, more and more highly excited charmed baryons
have been observed by Belle, BABAR, CLEO and LHCb
et al [1]. Λc baryons have two light u, d quarks and one
heavy c quark inside. The two light quarks couple with
isospin zero. The heavy quark symmetry works approxi-
mately in Λc baryons, and the light quarks in Λc baryons
may correlate and make a diquark. The Λc states provide
an excellent window to explore the baryon structure and
quark dynamics in baryons.
So far, in the review of particle physics[1], Λc,
Λc(2595)
+, Λc(2625)
+, Λc(2765)
+ (or Σc(2765)
+),
Λc(2860)
+, Λc(2880)
+, Λc(2940)
+ have been listed. The
masses, total decay widths and possible decay channels of
these Λc are presented in Table. I. The spins and parities
of these Λc states have not been measured by experi-
ments. In order to identify these states, it is important
to determine their JP quantum numbers and to learn
their internal dynamics in every model.
Heavy baryons have been studied in many models,
which could be found in some reviews [2–7] and ref-
erences therein. Many tentative JP assignments to
these Λc states have been made in many models [3, 8–
32]. In addition to normal charmed baryon interpreta-
tions [3, 8–22], there are also coupled-channel effect in-
terpretations [23, 24] and molecular state interpretations
to these Λc [25–32]. In Table II, some possible J
P assign-
ments of Λc within the charmed baryon interpretations
∗Electronic address: zhangal@shu.edu.cn
are presented.
For low-lying Λc, Λc(2286)
+ is believed the ground 1S-
wave charmed baryon with JP = 12
+
without any doubt.
Λc(2595)
+ and Λc(2625)
+ are popularly believed the 1P -
wave charmed baryon with JP = 12
−
and JP = 32
−
, re-
spectively. However, the JP assignments are different
for highly excited Λc(2765)
+ (Σc(2765)
+), Λc(2860)
+,
Λc(2880)
+ and Λc(2940)
+ in different literature though
the JP = 32
+
hypothesis is preferred for the Λc(2860)
+
and the JP = 52
+
is constrained for the Λc(2880)
+ by
LHCb collaboration [33]. Furthermore, it is not clear yet
whether Λc(2765)
+ (Σc(2765)
+) is an excited Λc or Σc.
As known, a study of the strong decays of Λc baryons is
an important way to determine their JP quantum num-
bers. As a phenomenological method, the 3P0 model was
proposed to compute the OZI-allowed hadronic decay
widths of hadrons [34–37]. There are also some attempts
to make a bridge between the phenomenological 3P0
model and QCD [38–40]. The 3P0 model has been em-
ployed to study the strong decays of Λc baryons [10, 41–
44]. In addition to the computation of strong decay
widths, the dynamics and structure of the Λc baryons
have also been explored in these references. However,
the studies aim at the separate analysis of one Λc baryon
or few observed Λc baryons. The Λc baryons have not
been systematically analyzed in the 3P0 model.
In this work, all the observed Λc except for Λc(2286)
+
will be systematically examined as the 1P -wave, 1D-wave
or 2S-wave Λc baryons from their strong decay properties
in the 3P0 model. In particular, their internal structure
2TABLE I: Masses, decay widths (MeV), and possible strong decay channels of Λc. [1]
States JP Mass Width Decay channels (experiment) Decay channels in 3P0 model.
Λ+c
1
2
+
2286.46±0.14 / weak /
Λc(2595)
+ 1
2
−
2592.25±0.28 2.59±0.30±0.47 Σ++,0c π
−,+ Σ++,0c π
−,+,Σ+c π
0
Λc(2625)
+ 3
2
−
2628.11±0.19 <0.97 Σ++,0c π
−,+ Σ++,0c π
−,+,Σ+c π
0
Λc(2765)
+ ?? 2766.6±2.4 50 / Σ
(∗)++,0,+
c π
−,+,0
Λc(2860)
+ 3
2
+
2856.1+2.0−1.7 ± 0.5
+1.1
−5.6 67.6
+10.1
−8.1 ± 1.4
+5.9
−20.0 D
0p Σ
(∗)++,0,+
c π
−,+,0,D0p,D+N
Λc(2880)
+ 5
2
+
2881.63±0.24 5.6+0.8−0.6 Σ
(∗)++,0
c π
−,+,D0p Σ
(∗)++,0
c π
−,+,D0p,Σ
(∗)+
c π
0,D+N
Λc(2940)
+ ?? 2939.6+1.3−1.5 20
+6
−5 Σ
++,0
c π
−,+ Σ
(∗)++,0
c π
−,+,D0p,Σ
(∗)+
c π
0,D+N
TABLE II: Some possible JP assignments of Λc.
Resonances Ref.[8] Ref.[9] Refs.[10–
13]
Ref.[14] Ref.[3] Refs.[16–
18]
[19, 20] Ref.[21]
Λc
1
2
+ 1
2
+ 1
2
+ 1
2
+ 1
2
+ 1
2
+ 1
2
+ 1
2
+
Λc(2595)
1
2
− 1
2
− 1
2
− 1
2
− 1
2
− 1
2
− 1
2
− 1
2
−
Λc(2625)
3
2
− 3
2
− 3
2
− 3
2
− 3
2
− 3
2
− 3
2
− 3
2
−
Λc(2765)
(Σ(2765))
1
2
+∗ 1
2
+∗
· · ·
1
2
+∗
· · ·
1
2
+∗
· · · · · ·
Λc(2860) · · · · · · · · · · · · · · ·
3
2
+
· · · · · ·
Λc(2880) · · ·
5
2
+ 5
2
+ 5
2
+
· · ·
5
2
+ 3
2
+ 5
2
+
Λc(2940) · · · (
3
2
+
, 5
2
−
) · · · 1
2
−
· · · · · ·
5
2
+ 1
2
−
, 3
2
±
, 5
2
−
(especially the ρ-mode and λ-mode excitations ) will be
paid attention to.
The paper is organized as follows. In Sec.II, the 3P0
model is briefly introduced, some notations of heavy
baryons and related parameters are indicated. We
present our numerical results and analyses in Sec.III. In
the last section, we give our conclusions and discussions.
II. 3P0 MODEL, SOME NOTATIONS AND
PARAMETERS
3P0 model is also known as a quark pair creation
(QPC) model. It was first proposed by Micu[34] and
further developed by Yaouanc et al, [35–37]. The ba-
sic idea of this model assumes: a pair of qq¯ are firstly
created from the QCD vacuum with quantum numbers
JPC = 0++; Subsequently, the created quark and anti-
quark recombine with the quarks from the initial hadron
A to form two daughter hadrons B and C [34]. The de-
cays follow the OZI rule. For baryon decays, one quark
of the initial baryon regroups with the created antiquark
to form a meson, and the other two quarks regroup with
the created quark to form a daughter baryon. There are
three ways for the processes of recombination as follows,
A(q1q2q3) + P (q4q5)→ B(q1q4q2) + C(q3q5), (1)
A(q1q2q3) + P (q4q5)→ B(q1q4q3) + C(q2q5), (2)
A(q1q2q3) + P (q4q5)→ B(q4q2q3) + C(q1q5), (3)
which are shown in Fig. 1, where each quark was num-
bered for a convenience. The two-body hadronic decay
width Γ for a baryon A into B and C final states follows
as in the 3P0 model [37, 41–45],
Γ = π2
|~p|
m2A
∑
JL
|MJL|2
= π2
|~p|
m2A
1
2JA + 1
∑
MJAMJBMJC
|MMJAMJBMJC |2.(4)
with J = JB+JC , JA = JB+JC +L and MJA =MJB +
MJC . The partial wave amplitude MJL is related to
the helicity amplitude MMJAMJBMJC via a Jacob-Wick
formula [46]. In the equation, ~p is the momentum of the
daughter baryon in A’s center of mass frame,
|~p| =
√
[m2A − (mB −mC)2][m2A − (mB +mC)2]
2mA
, (5)
mA and JA are the mass and total angular momentum
of the initial baryon A, respectively. mB and mC are
the masses of the final hadrons. The helicity amplitude
3FIG. 1: Baryon decay process of A→ B+C in the 3P0 model. A is the initial baryon, B and C are the final baryon and meson,
respectively.
MMJAMJBMJC reads [10, 41, 42, 44]
MMJAMJBMJC
= −Fγ
√
8EAEBEC
∑
MρA
∑
MLA
∑
MρB
∑
MLB
∑
MS1 ,MS3 ,MS4 ,m
〈JlAMJlAS3MS3 |JAMJA〉〈LρAMLρALλAMLλA |LAMLA〉
〈LAMLAS12MS12 |JlAMJlA 〉〈S1MS1S2MS2 |S12MS12〉
〈JlBMJlBS3MS3 |JBMJB 〉〈LρBMLρBLλBMLλB |LBMLB〉
〈LBMLBS14MS14 |JlBMJlB 〉〈S1MS1S4MS4 |S14MS14〉
〈1m; 1−m|00〉〈S4MS4S5MS5 |1−m〉
〈LCMLCSCMSC |JCMJC〉〈S2MS2S5MS5 |SCMSC 〉
× 〈ϕ1,4,3B ϕ2,5C |ϕ1,2,3A ϕ4,50 〉 × I
MLA ,m
MLB ,MLC
(~p). (6)
The conservation of the total angular momentum and
the angular momentum of the light quarks freedom is
indicated explicitly in the equation. F is a factor equal
to 2 when each one of the two quarks in C has isospin 12 ,
and F = 1 when one of the two quarks in C has isospin
0.
In last equation, the matrix 〈ϕ1,4,3B ϕ2,5C |ϕ1,2,3A ϕ4,50 〉 of
the flavor wave functions ϕi (i = A,B,C, 0) can also be
presented in terms of C-G coefficients of the isospin as
follows [37, 41, 45]
〈ϕ1,4,3
B
ϕ2,5
C
|ϕ1,2,3
A
ϕ4,50 〉=F
(IA;IBIC)〈IBI
3
BICI
3
C |IAI
3
A〉 (7)
with
F (IA;IBIC) = f · (−1)I13+IC+IA+I2
× [ 1
2
(2IC + 1)(2IB + 1)]
1/2
×
{
I13 IB I4
IC I2 IA
}
(8)
where f = (23 )
1/2 for uu¯ or dd¯ created quark pair, and
f = −(13 )1/2 for ss¯ created quark pair. IA, IB and IC rep-
resent the isospins of the initial baryon, the final baryon
and the final meson. I12, I3 and I4 denote the isospins of
relevant quarks. For example, the flavor matrix elements
for Λ+c → Σ++,+,0c π−,0,+ and Λ+c → D+n/D0p are
√
1/6
and
√
1/3, respectively.
The space integral follows as
I
MLA ,m
MLB ,MLC
(~p) =
∫
d~p1d~p2d~p3d~p4d~p5
× δ3(~p1 + ~p2 + ~p3 − ~pA)δ3(~p4 + ~p5)
× δ3(~p1 + ~p4 + ~p3 − ~pB)δ3(~p2 + ~p5 − ~pC)
×Ψ∗B(~p1, ~p4, ~p3)Ψ∗C(~p2, ~p5)
×ΨA(~p1, ~p2, ~p3)y1m
(
~p4 − ~p5
2
)
(9)
with a simple harmonic oscillator(SHO) wave functions
for the baryons [8, 41, 48]
Ψ(~p) = NΨnρLρMLρ (~pρ)ΨnλLλMLλ (~pλ), (10)
where N represents a normalization coefficient of the to-
tal wave function. Explicitly,
ΨnLML(~p) =
(−1)n(−i)L
β3/2
√
2n!
Γ(n+ L+ 32 )
( ~p
β
)L
exp(− ~p
2
2β2
)
× LL+1/2n
( ~p2
β2
)
YLML(Ωp) (11)
where L
L+1/2
n
(
~p2
β2
)
denotes the Laguerre polynomial func-
tion, and YLML(Ωp) is a spherical harmonic function.
The relation between the solid harmonica polynomial
yLM (~p) and YLML(Ω~p) is yLM (~p) = |~p|LYLML(Ωp).
In order to describe three-body systems, a center of
mass motion and a two-body systems of internal rela-
tive motion in the Jacobi coordinate [47] are usually em-
ployed. As displayed in Fig. 2, ~ρ is the relative coordinate
between the two light quarks (quark 1 and 2), and ~λ is
the relative coordinate between the center of mass of the
two light quarks and the charmed quark.
In the quark model with heavy quark symmetry [9, 10,
12, 13, 21, 43–45], there are one 1S-wave Λc, seven P -
wave Λc, two 2S-wave Λc, and seventeenD-wave Λc. The
internal angular momentum of the 1S-wave, 1P -wave and
2S-wave Λc are presented in Table III, where Λ˜
ρ′
c0(
1
2
+
)
4FIG. 2: Definitions of the Jacobi coordinates ~ρ and ~λ. The
quarks 1 and 2 are the light quarks, and quark 3 is the heavy
(charmed or bottomed) quark.
and Λ˜λ
′
c0(
1
2
+
) denote the radial excitation of a ρ-mode and
a λ-mode, respectively. The internal angular momentum
of the 1D-wave Λc are presented in Table IV.
TABLE III: Quantum numbers of 1S-wave, 1P -wave and 2S-
wave excited Λc.
N Assignment nρ nλ J Jl Lρ Lλ L Sρ
1 Λc0(
1
2
+
) 0 0 1
2
0 0 0 0 0
2 Λc1(
1
2
−
) 0 0 1
2
1 0 1 1 0
3 Λc1(
3
2
−
) 0 0 3
2
1 0 1 1 0
4 Λ˜c0(
1
2
−
) 0 0 1
2
0 1 0 1 1
5 Λ˜c1(
1
2
−
) 0 0 1
2
1 1 0 1 1
6 Λ˜c1(
3
2
−
) 0 0 3
2
1 1 0 1 1
7 Λ˜c2(
3
2
−
) 0 0 3
2
2 1 0 1 1
8 Λ˜1c2(
5
2
−
) 0 0 5
2
2 1 0 1 1
9 Λ˜ρ
′
c0(
1
2
+
) 1 0 1
2
0 0 0 0 0
10 Λ˜λ
′
c0(
1
2
+
) 0 1 1
2
0 0 0 0 0
In these tables, Lρ denotes the orbital angular momen-
tum between the two light quarks, Lλ denotes the orbital
angular momentum between the charm quark and the
two light quark system, Sρ denotes the total spin of the
two light quarks. L is the total orbital angular momen-
tum of Lρ and Lλ (L =Lρ + Lλ), and Jl is the total
angular momentum of L and Sρ (Jl = L + Sρ). J is the
total angular momentum of the baryons (J = Jl +
1
2 ).
In Λ˜ LcJl(Σ˜
L
cJl
), a superscript L denotes the total angular
orbital momentum, a tilde indicates Lρ = 1, and the one
without a tilde indicates Lρ = 0. More details about the
notations could be found in Refs. [10, 43, 44, 48]
In the 3P0 model, the qq¯ quark pair created from the
vacuum may be uu¯, dd¯ or ss¯. So far, there is no sign of
an ss¯ creation in observed strong decay channels of Λc
TABLE IV: Quantum numbers of 1D-wave excited Λc.
N Assignment nρ nλ J Jl Lρ Lλ L Sρ
1 Λc2(
3
2
+
) 0 0 3
2
2 0 2 2 0
2 Λc2(
5
2
+
) 0 0 5
2
2 0 2 2 0
3 Λˆc2(
3
2
+
) 0 0 3
2
2 2 0 2 0
4 Λˆc2(
5
2
+
) 0 0 5
2
2 2 0 2 0
5 Λˇ1c0(
1
2
+
) 0 0 1
2
0 1 1 1 1
6 Λˇ1c1(
1
2
+
) 0 0 1
2
1 1 1 1 1
7 Λˇ1c1(
3
2
+
) 0 0 3
2
1 1 1 1 1
8 Λˇ1c2(
3
2
+
) 0 0 3
2
2 1 1 1 1
9 Λˇ1c2(
5
2
+
) 0 0 5
2
2 1 1 1 1
10 Λˇ0c1(
1
2
+
) 0 0 1
2
1 1 1 0 1
11 Λˇ0c1(
3
2
+
) 0 0 3
2
1 1 1 0 1
12 Λˇ2c1(
1
2
+
) 0 0 1
2
1 1 1 2 1
13 Λˇ2c1(
3
2
+
) 0 0 3
2
1 1 1 2 1
14 Λˇ2c2(
3
2
+
) 0 0 3
2
2 1 1 2 1
15 Λˇ2c2(
5
2
+
) 0 0 5
2
2 1 1 2 1
16 Λˇ2c3(
5
2
+
) 0 0 5
2
3 1 1 2 1
17 Λˇ2c3(
7
2
+
) 0 0 7
2
3 1 1 2 1
states. In addition to masses, decay widths, experimen-
tally observed strong decay channels, theoretically pre-
dicted strong decay channels of all the Λc states are also
given in Table I. Masses of relevant mesons and baryons
involved in our calculation are presented in Table V [1].
TABLE V: Masses of mesons and baryons involved in the
decays [1]
State Mass (MeV) State Mass (MeV)
π± 139.570 Σc(2520)
++ 2518.41
π0 134.977 Σc(2520)
+ 2517.5
K± 493.677 Σc(2520)
0 2518.48
K0 497.611 Σc(2455)
++ 2453.97
Λ+c 2286.46 Σc(2455)
+ 2452.9
D0 1864.84 Σc(2455)
0 2453.75
D+ 1869.59 Σc(2765)
++ 2766.6
Σc(2765)
+ 2766.6 Σc(2765)
0 2766.6
Σc(2800)
+ 2792 - -
The parameters are chosen as follows. The dimension-
less pair-creation strength γ = 13.4. The βλ,ρ = 600
MeV in the 1S-wave baryon wave functions are chosen,
the βλ,ρ = 500 MeV in the P -wave baryon wave functions
are chosen, and the βλ,ρ = 400 MeV in the 2S-wave and
D-wave baryon wave functions are chosen. These βλ,ρ
are consistent with those in Refs. [10, 41, 49–51]. The
R = 2.5 GeV−1 in the harmonic oscillator wave func-
tions of π/K meson and R = 1.67 GeV−1 for D me-
son [10, 41, 49–51].
5III. STRONG DECAYS OF Λc
A. Λc(2595) and Λc(2625)
Λc(2595)
+ and Λc(2625)
+ were first discovered by the
ARGUS Collaboration at the e+e− storage ring DORIS
II at DESY [52], and subsequently confirmed by E687 [53]
and CLEO [54] Collaborations.
Λ+c ππ and its submode Σc(2455)π are the only allowed
strong decays of Λc(2595)
+. Λ+c ππ results from a two
steps process Λc(2595) → Σc(2455)π with Σc(2455) →
Λcπ, and a direct Λ
+
c ππ three-body decay with fraction
about 18±10%. The branching fractions Γ(Λc(2595)+ →
Σ++c π
−)/Γtotal = 24± 7% and Γ(Λc(2595)+ → Σ0cπ+) =
24± 7% [1].
Λ+c ππ and its submode Σc(2455)π are also the only
allowed strong decays of Λc(2625)
+. In contrast to
Λc(2595)
+, the branching fraction of the direct three-
body decay mode Λ+c ππ of Λc(2625)
+ is large, while
the branching fraction Γ(Λc(2625)
+ → Σ++c π−)/Γtotal or
Γ(Λc(2625)
+ → Σ0cπ+)/Γtotal is less than 5% [1], which
means that the decay width Γ(Λc(2625)
+ → Σ++c π−) or
Γ(Λc(2625)
+ → Σ0cπ+) is less than 0.05 MeV.
Λc(2595)
+ and Λc(2625)
+ are believed the low-lying
P -wave Λc, and form a doublet Λc1(
1
2
−
, 32
−
) [9, 11, 14].
Their JP are supposed 12
−
and 32
−
, respectively [1]. In
our analyses, all the hypothesises that Λc(2595)
+ and
Λc(2625)
+ are the low-lying 1P -wave, 2S-wave, and 1D-
wave charmed baryons are examined. In Table VI, the
numerical results of the decay widths of Λc(2595)
+ as the
1P -wave and 2S-wave states are given. Similar numerical
results for Λc(2625)
+ are presented in Table VII. In Ta-
ble VIII and Table IX, the numerical results of the decay
widths of Λc(2595)
+ and Λc(2625)
+ as D-wave charmed
baryons are given, respectively. In these tables, some
branching ratios are also given.
From Table VI, Λc(2595)
+ seems impossibly a
Λc1(
3
2
−
), Λ˜c0(
1
2
−
), Λ˜c1(
3
2
−
), Λ˜c2(
3
2
−
), or Λ˜c2(
5
2
−
) for
a vanishing (denoted with ”0” in the table) total de-
cay width or approximately vanishing total decay width
(denoted with ”≈ 0” in the table). It is impossi-
bly the Λ˜c1(
1
2
−
) either for a large total decay width.
Λc(2595)
+ is impossibly a 2S-wave excitation, Λ˜c0(
1
2
+
)
or Λ˜c0(
1
2
+
), for a much lower predicted branching frac-
tions B = Γ(Σ++c π
−)/Γtotal. The predicted total decay
width is much smaller either in comparison with experi-
mental data.
From Table VIII, neither the branching ratios nor the
total decay widths are consistent with experimental mea-
surements. Therefore, Λc(2595)
+ is impossibly a D-wave
excitation of Λc. Account for the branching fractions
B = Γ(Σ
(++)
c π(−))/Γtotal and the total decay width,
Λc(2595)
+ is most possibly a 1P -wave Λc1(
1
2
−
).
From Table VII, Λc(2625)
+ seems impossibly a
Λc1(
1
2
−
), Λ˜c1(
1
2
−
) or Λ˜c0(
1
2
−
) for a large predicted de-
cay width or a vanishing Σ++c π
− mode. For Λc(2625)
+,
Σc(2455)π are the only two-body decay modes of this
state, and the branching fraction of the direct three-
body decay mode Λ+c ππ is large, so it is impossible to
learn this state only from the branching fraction of these
two-body strong decay modes. However, the predicted
masses of Λ˜c1(
3
2
−
), Λ˜c2(
3
2
−
), Λ˜c2(
5
2
−
), the 2S-wave ex-
citations and the 1D-wave excitations are much higher
than that of Λc(2625)
+ [14, 18, 21]. Account for this fact,
Λc(2625)
+ seems impossibly these charmed baryons. In
short, Λc(2625)
+ is possibly a P -wave Λc1(
3
2
−
) charmed
baryon.
In the given configurations of Λc(2595)
+ and
Λc(2625)
+, there is a λ-mode excitation while there is
not a ρ-mode excitation. The two light quarks inside
couple with total spin Sρ = 0. Λc(2595)
+ and Λc(2625)
+
make a doublet Λc1(
1
2
−
, 32
−
).
B. Λc(2765) (or Σc(2765))
Λc(2765)
+ (or Σc(2765)
+) is a broad state first ob-
served in Λ+c π
−π+ channel by CLEO Collaboration [55].
However, nothing is known about its JP . One even does
not know whether it is a Λc or a Σc. Λc(2765)
+ (or
Σc(2765)
+) was suggested as a first orbital excitation of
Λc with J
P = 12
+
[8], JP = 12
−
[19] or JP = 32
+
[3, 57].
Λc(2765)
+ (or Σc(2765)
+) was suggested as a first or-
bital 1P -excitation of the Σc with J
P = 12
−
[14] or
JP = 32
−
[14, 18, 58]. Λc(2765)
+ (or Σc(2765)
+) was
also suggested as a first radial 2S-excitation of Λc with
JP = 12
+
in a relativistic flux tube model [16] and a
hyper-central constituent quark model [56].
In this subsection, all the possibilities of Λc(2765)
(or Σc(2765)) as the 1P -wave, 2S-wave and 1D-wave
charmed baryon with isospin I = 0 are examined. When
Λc(2765) (or Σc(2765)) is assigned in these configura-
tions, the relevant hadronic decay widths are calculated
in the 3P0 model and are shown in Table X.
From Table X, account for the fact that Λc(2595)
+
and Λc(2625)
+ have been assigned with the Λc1(
1
2
−
) and
Λc1(
3
2
−
), respectively, Λc(2765)
+ (or Σc(2765)) seems
impossibly a P -wave Λc. Otherwise, Λc(2765)
+ (or
Σc(2765)) has an extremely small or extremely large de-
cay width. Except for the total decay width, the strong
6TABLE VI: Decay widths (MeV) of Λc(2595)
+ as 1P -wave and 2S-wave charmed baryons. B = Γ(Σ++c π
−)/Γtotal.
N ΛcJl(J
P ) Σ++c π
− Σ0cπ
+ Σ+c π
0 Γtotal B
1 Λc1(
1
2
−
) 3.70 3.93 7.46 15.09 24.52%
2 Λc1(
3
2
−
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
3 Λ˜c0(
1
2
−
) 0 0 0 0 -
4 Λ˜c1(
1
2
−
) 22.22 23.56 44.75 90.53 24.54%
5 Λ˜c1(
3
2
−
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
6 Λ˜c2(
3
2
−
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
7 Λ˜c2(
5
2
−
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
8 Λ˜ρ
′
c0(
1
2
+
) 7.61 × 10−4 9.06 × 10−4 6.20 × 10−3 7.87 × 10−3 9.67%
9 Λ˜λ
′
c0(
1
2
+
) 1.58 × 10−3 1.88 × 10−3 1.30 × 10−2 1.65 × 10−2 9.58%
TABLE VII: Decay widths (MeV) of Λc(2625)
+ as 1P -wave and 2S-wave charmed baryons. B = Γ(Σ++c π
−)/Γtotal.
N ΛcJl(J
P ) Σ++c π
− Σ0cπ
+ Σ+c π
0 Γtotal B
1 Λc1(
1
2
−
) 19.67 19.75 21.06 60.48 32.53%
2 Λc1(
3
2
−
) 0.33 × 10−2 0.33 × 10−2 0.47 × 10−2 1.13 × 10−2 29.20%
3 Λ˜c0(
1
2
−
) 0 0 0 0 -
4 Λ˜c1(
1
2
−
) 118.01 118.50 126.35 362.86 32.52%
5 Λ˜c1(
3
2
−
) 0.49 × 10−2 0.50 × 10−2 0.70 × 10−2 1.69 × 10−2 28.99%
6 Λ˜c2(
3
2
−
) 0.89 × 10−2 0.90 × 10−2 0.13 × 10−1 3.09 × 10−2 28.80%
7 Λ˜1c2(
5
2
−
) 0.39 × 10−2 0.40 × 10−2 0.56 × 10−2 1.35 × 10−2 28.89%
8 Λ˜ρ
′
c0(
1
2
+
) 8.18 × 10−2 8.27 × 10−2 0.10 0.26 31.46%
9 Λ˜λ
′
c0(
1
2
+
) 0.18 0.18 0.23 0.59 30.51%
decay behaviors of the two 2S-wave Λ˜ρ
′
c0(
1
2
+
) (ρ-mode ex-
citation) and Λ˜λ
′
c0(
1
2
+
) (λ-mode excitation) are very sim-
ilar, and it is difficult to distinguish them through their
strong decays. Under theoretical and experimental un-
certainties, Λc(2765)
+ (or Σc(2765)) may be a 2S-wave
Λ˜ρ
′
c0(
1
2
+
) or Λ˜λ
′
c0(
1
2
+
).
When Λc(2765) (or Σc(2765)) is assumed with a 1D-
wave baryon with isospin I = 0, the relevant hadronic
decay widths are calculated and presented in Table XI.
From this table, the predicted total decay widths are
around the measured one in several configurations. That
is to say, Λc(2765) (or Σc(2765)) is possibly a D-
wave charmed baryons. However, one has no accurate
measurement of the total decay width of Λc(2765) (or
Σc(2765)), and has no measurement of any branching
fraction or branching ratio on its decay channel. In fact,
it is not suitable to draw a confirmative conclusion in
terms of such less information of Λc(2765) (or Σc(2765)).
C. Λc(2860), Λc(2880) and Λc(2940)
Λc(2860)
+ as a newly reported Λc baryon was first
observed by the LHCb Collaboration in the D0p chan-
nel [33]. The mass and width of Λc(2860)
+ were mea-
sured. The mass of Λc(2860)
+ is consistent with the
predictions for an orbital D-wave Λc excitation with
JP = 32
+
[12, 18]. In particular, quantum numbers of
Λc(2860)
+ were found to be JP = 32
+
, the other quan-
tum numbers were excluded with a significance of more
than 6 standard deviations [33].
Λc(2880)
+ was first observed by the CLEO Col-
laboration in Λ+c π
−π+ [55] and confirmed by the
BaBar Collaboration in the D0p channel [59]. From
an analysis of angular distributions in Λc(2880)
+ →
Σc(2455)
0,++π+,− decays and the measured R =
Γ(Σc(2520)π)/Γ(Σc(2455)π) = 0.225 ± 0.062 ± 0.0255,
the preferred quantum numbers of Λc(2880)
+ state were
constrained to JP = 52
+
by Belle Collaboration [61]. Re-
cently, the LHCb Collaboration studied the spectrum of
excited Λc states that decay into D
0p channel and mea-
sured the mass and width of Λc(2880)
+. The preferred
spin of Λc(2880)
+ is found to be 52 , and the spin assign-
ments 12 and
3
2 were excluded [33].
Λc(2940)
+ was first observed by the BaBar Collab-
oration in D0p invariant mass distribution [59]. The
spin-parity of Λc(2940)
+ was constrained to JP = 32
−
by LHCb Collaboration [33] though other solutions with
spins 12 to
7
2 cannot be excluded.
Λc(2860)
+ was assigned with a D-wave charmed
baryon with JP = 32
+
[17, 22]. In particular, Λc(2860)
+
and Λc(2880)
+ are supposed to form a D-wave doublet
[ 32
+
, 52
+
] [17].
7TABLE VIII: Decay widths (MeV) of Λc(2595)
+ as D-wave excitations. The branching fractions ratios B = Γ(Λc(2595)
+
→
Σ++c π
−)/Γtotal.
N ΛcJl (J
P ) Σ++c π
− Σ0cπ
+ Σ+c π
0 Γtotal B
1 Λc2(
3
2
+
) 4.11 × 10−4 4.88 × 10−4 3.36 × 10−3 4.26 × 10−3 9.65%
2 Λc2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
3 Λˆc2(
3
2
+
) 3.70 × 10−3 4.40 × 10−3 3.02 × 10−2 3.83 × 10−2 9.66%
4 Λˆc2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
5 Λˇ1c0(
1
2
+
) 0 0 0 0 -
6 Λˇ1c1(
1
2
+
) 0 0 0 0 -
7 Λˇ1c1(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
8 Λˇ1c2(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
9 Λˇ1c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
10 Λˇ0c1(
1
2
+
) 9.08 × 10−3 1.08 × 10−2 7.43 × 10−2 9.42 × 10−2 9.64%
11 Λˇ0c1(
3
2
+
) 2.27 × 10−3 2.70 × 10−3 1.86 × 10−2 2.36 × 10−2 9.62%
12 Λˇ2c1(
1
2
+
) 1.64 × 10−3 1.95 × 10−3 1.34 × 10−2 1.70 × 10−2 9.65%
13 Λˇ2c1(
3
2
+
) 4.11 × 10−4 4.88 × 10−4 3.36 × 10−3 4.26 × 10−3 9.65%
14 Λˇ2c2(
3
2
+
) 3.70 × 10−3 4.40 × 10−3 3.02 × 10−2 3.83 × 10−2 9.66%
15 Λˇ2c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
16 Λˇ2c3(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
17 Λˇ2c3(
7
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
TABLE IX: Decay widths (MeV) of Λc(2625)
+ as D-wave excitations. B represent the ratio of branching fractions
Γ(Λc(2625)
+
→ Σ++c π
−)/Γtotal
N ΛcJl(J
P ) Σ++c π
− Σ0cπ
+ Σ+c π
0 Γtotal B
1 Λc2(
3
2
+
) 4.59× 10−2 4.64× 10−2 5.66× 10−2 14.89 × 10−2 30.83%
2 Λc2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
3 Λˆc2(
3
2
+
) 0.41 0.42 0.51 1.34 30.60%
4 Λˆc2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
5 Λˇ1c0(
1
2
+
) 0 0 0 0 -
6 Λˇ1c1(
1
2
+
) 0 0 0 0 -
7 Λˇ1c1(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
8 Λˇ1c2(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
9 Λˇ1c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
10 Λˇ0c1(
1
2
+
) 1.02 1.03 1.25 3.30 30.91%
11 Λˇ0c1(
3
2
+
) 0.25 0.26 0.31 0.82 30.49%
12 Λˇ2c1(
1
2
+
) 0.18 0.19 0.23 0.60 30.00%
13 Λˇ2c1(
3
2
+
) 4.59× 10−2 4.64× 10−2 5.66× 10−2 14.89 × 10−2 30.83%
14 Λˇ2c2(
3
2
+
) 0.41 0.42 0.51 1.34 30.60%
15 Λˇ2c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
16 Λˇ2c3(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
17 Λˇ2c3(
7
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
Λc(2880)
+ was once assigned with quantum numbers
JP = 12
−
or JP = 32
−
[58], it was also assigned as a
D-wave state with JP = 32
+
[19, 20]. In most refer-
ences [9–14, 16–18, 21, 60], Λc(2880)
+ was conjectured
as an excited charmed baryon with JP = 52
+
though its
structure may be different in these references.
In addition to an S-wave D∗N molecular state inter-
pretation [25–32], Λc(2940)
+ was interpreted as an ex-
cited charmed baryon with different JP quantum num-
bers as shown in Table. II.
In order to check all the possibilities as charmed
baryons candidates, Λc(2860)
+, Λc(2880) and Λc(2940)
are studied as the 1P -wave, 2S-wave and 1D-wave states
in detail in the 3P0 model. Their OZI-allowed two-body
strong decay channels are all given and relevant decay
8TABLE X: Decay widths (MeV) of Λc(2765)
+ as 1P -wave and 2S-wave charmed baryons with isospin I = 0. R =
Γ(Σc(2520)
++,0π−,+)/Γ(Σc(2455)
++,0π−,+).
N ΛcJl (J
P ) Σ++c (2455)π
− Σ0c(2455)π
+ Σ+c (2455)π
0 Σ++c (2520)π
− Σ0c(2520)π
+ Σ+c (2520)π
0 Γtotal R
1 Λc1(
1
2
−
) 67.51 67.58 68.00 0.24 0.24 0.27 203.84 0.0036
2 Λc1(
3
2
−
) 0.62 0.63 0.66 46.98 46.95 47.74 143.58 75.14
3 Λ˜c0(
1
2
−
) 0 0 0 0 0 0 0 -
4 Λ˜c1(
1
2
−
) 405 405 408 0.36 0.36 0.40 1219.12 0.00089
5 Λ˜c1(
3
2
−
) 0.94 0.94 0.99 281 281 286 850.87 298.94
6 Λ˜c2(
3
2
−
) 1.69 1.69 1.79 0.33 0.33 0.36 6.19 0.20
7 Λ˜c2(
5
2
−
) 0.75 0.75 0.80 0.51 0.51 0.56 3.88 0.68
8 Λ˜ρ
′
c0(
1
2
+
) 1.50 1.50 1.53 1.32 1.32 1.39 8.56 0.88
9 Λ˜λ
′
c0(
1
2
+
) 5.33 5.34 5.53 3.64 3.64 3.88 27.36 0.68
TABLE XI: Decay widths (MeV) of Λc(2765)
+ as D-wave excitations. R = Γ(Λc(2765)
+
→
Σc(2520)
++,0π−,+)/Γ(Λc(2765)
+
→ Σc(2455)
++,0π))
N Assignment Σ++c (2455)π
− Σ0c(2455)π
+ Σ+c (2455)π
0 Σ++c (2520)π
− Σ0c(2520)π
+ Σ+c (2520)π
0 Γtotal R
1 Λc2(
3
2
+
) 1.12 1.12 1.15 8.51 × 10−2 8.50 × 10−2 9.01 × 10−2 3.65 0.074
2 Λc2(
5
2
+
) 4.20 × 10−3 4.23 × 10−3 4.56 × 10−3 0.51 0.51 0.54 1.57 121.00
3 Λˆc2(
3
2
+
) 10.09 10.12 10.43 0.77 0.76 0.81 32.98 0.076
4 Λˆc2(
5
2
+
) 3.78 × 10−2 3.81 × 10−2 4.17 × 10−2 4.55 4.55 4.82 14.04 119.89
5 Λˇ1c0(
1
2
+
) 0 0 0 0 0 0 0 -
6 Λˇ1c1(
1
2
+
) 0 0 0 0 0 0 0 -
7 Λˇ1c1(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
8 Λˇ1c2(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
9 Λˇ1c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
10 Λˇ0c1(
1
2
+
) 24.96 25.03 25.78 4.67 4.67 4.95 90.06 0.19
11 Λˇ0c1(
3
2
+
) 6.24 6.26 6.44 11.69 11.67 12.37 54.67 1.87
12 Λˇ2c1(
1
2
+
) 4.49 4.50 4.63 0.84 0.84 0.89 16.19 0.19
13 Λˇ2c1(
3
2
+
) 1.12 1.12 1.16 2.11 2.10 2.23 9.84 1.88
14 Λˇ2c2(
3
2
+
) 10.09 10.12 10.43 0.77 0.76 0.81 32.98 0.076
15 Λˇ2c2(
5
2
+
) 1.68 × 10−2 1.69 × 10−2 1.83 × 10−2 4.55 4.55 4.82 13.97 270.03
16 Λˇ2c3(
5
2
+
) 1.92 × 10−2 1.93 × 10−2 2.09 × 10−2 2.60 × 10−3 2.59 × 10−3 2.98 × 10−3 6.72× 10−2 0.13
17 Λˇ2c3(
7
2
+
) 1.08 × 10−2 1.09 × 10−2 1.17 × 10−2 3.51 × 10−3 3.50 × 10−3 4.03 × 10−3 4.44× 10−2 0.32
widths have been estimated. Their decay widths as 1P -
wave and 2S-wave charmed baryons are presented in Ta-
bles. XII, XIII and XIV. Their decay widths as 1D-wave
charmed baryons are presented in Tables. XV, XVI and
XVII.
From Table XII and Table XV, there are two P -
wave assignments (Λ˜c2(
3
2
−
) and Λ˜c2(
5
2
−
)) suitable for
Λc(2860)
+, which has an observable D0p mode and
a comparable Γtotal with experiment. There are also
two D-wave assignments (Λˇ2c1(
1
2
+
) or Λˇ2c1(
3
2
+
)) suit-
able for Λc(2860)
+ for the same reason. If the ex-
perimental constraint JP = 32
+
for Λc(2860)
+ is
true [33], then Λc(2860)
+ is only possibly the D-
wave Λˇ2c1(
3
2
+
). In this case, the branching ratio
R = Γ(Σc(2520)
++,0π−,+)/Γ(Σc(2455)
++,0π−,+) = 2.8,
and Λc(2860)
+ has a total decay Γ = 59.6 MeV.
For the purpose of identification of Λc(2860)
+, it is
very important to measure the branching ratio R =
Γ(Σc(2520)
++,0π−,+)/Γ(Σc(2455)
++,0π−,+).
From Table XIII, the observation of a D0p
mode, the measured branching ratio R =
9TABLE XII: Decay widths (MeV) of Λc(2860)
+ as 1P -wave and 2S-wave charmed baryons. R =
Γ(Σc(2520)
++,0π)/Γ(Σc(2455)
++,0π).
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Γtotal B∞ B∈ R
1 Λc1(
1
2
−
) 0 0 176.75 88.46 4.15 2.18 271.54 65.09% 1.52% 0.02
2 Λc1(
3
2
−
) 0 0 5.93 3.07 151.66 76.23 236.89 2.50% 64.02% 25.57
3 Λ˜c0(
1
2
−
) 726.04 703.59 0 0 0 0 1429.63 - - -
4 Λ˜c1(
1
2
−
) 0 0 1060.53 530.77 6.22 3.27 1600.79 66.25% 0.38% 0.0058
5 Λ˜c1(
3
2
−
) 0 0 8.90 4.60 900.66 452.50 1366.66 0.65% 65.90% 101.20
6 Λ˜c2(
3
2
−
) 2.48 1.84 16.02 8.29 5.60 2.94 37.17 43.10% 15.07% 0.35
7 Λ˜c2(
5
2
−
) 2.48 1.84 7.13 3.68 8.72 4.58 28.43 25.08% 30.67% 1.22
8 Λ˜ρ
′
c0(
1
2
+
) 0 0 5.17 2.60 7.45 3.78 19.00 27.21% 39.21% 1.44
9 Λ˜λ
′
c0(
1
2
+
) 0 0 30.09 15.37 29.89 15.39 90.74 40.66% 32.95% 0.99
Γ(Σc(2520)π)/Γ(Σc(2455)π) = 0.225 ± 0.062 ± 0.0255
and the total decay width indicate that Λc(2880)
+
is impossibly a 1P -wave or 2S-wave charmed baryon
(the 1P -wave Λ˜c2(
3
2
−
) assignment has a comparable
R but a much larger predicted total decay width in
comparison with experimental data). From Table XVI,
the observation of a D0p mode and the measured R =
Γ(Σc(2520)π)/Γ(Σc(2455)π) = 0.225 ± 0.062 ± 0.0255
indicate that Λc(2880)
+ may be a Λˇ0c1(
1
2
+
), Λˇ2c1(
1
2
+
) or
Λˇ2c3(
5
2
+
). Account for the much larger predicted total
decay widths of Λˇ0c1(
1
2
+
) and Λˇ2c1(
1
2
+
) in comparison
with experiment, Λc(2880)
+ is possibly the D-wave
Λˇ2c3(
5
2
+
).
From Table XIV and Table XVII, there are three
P -wave assignments (Λ˜c0(
1
2
−
), Λ˜c2(
3
2
−
), Λ˜c2(
5
2
−
)) and
six D-wave assignments (Λˇ0c1(
1
2
+
), Λˇ0c1(
3
2
+
), Λˇ2c1(
1
2
+
),
Λˇ2c1(
3
2
+
), Λˇ2c3(
5
2
+
) and Λˇ2c3(
7
2
+
)), which have an observ-
able D0p mode. Account for the total decay width under
theoretical and experimental uncertainties, Λc(2940)
+ is
possibly the P -wave Λ˜c2(
3
2
−
) or Λ˜c2(
5
2
−
), it is also possi-
bly the D-wave Λˇ2c3(
5
2
+
) or Λˇ2c3(
7
2
+
). In Λ˜c2(
3
2
−
) and
Λ˜c2(
5
2
−
) assignments, the predicted total decay width
(151.9 MeV and 130.7 MeV) are bigger than the mea-
sured one. In Λˇ2c3(
5
2
+
) and Λˇ2c3(
7
2
+
) assignments, the
predicted total decay width (4.5 MeV and 3.9 MeV) are
smaller than the measured one. However, the branching
ratios R = Γ(Σc(2520)
++,0π−,+)/Γ(Σc(2455)
++,0π−,+)
are largely different in the two P -wave assign-
ments or two D-wave assignments. Obviously,
the measurement of the branching ratio R =
Γ(Σc(2520)
++,0π−,+)/Γ(Σc(2455)
++,0π−,+) is also very
important for the identification of Λc(2940)
+.
IV. CONCLUSIONS AND DISCUSSIONS
In this work, the studies of observed Λc(2595)
+,
Λc(2625)
+, Λc(2765)
+ (or Σc(2765)
+), Λc(2860)
+,
Λc(2880)
+ and Λc(2940)
+ states are briefly reviewed. In
the 3P0 model, the OZI-allowed strong decay features of
all these Λc states are studied. Possible 1P , 1D and 2S
assignments of these observed Λc states are examined.
Their possible quantum numbers JP and internal struc-
ture are given based on our numerical results.
For Λc(2595)
+ and Λc(2625)
+, Σc(2455)π are their
only two-body decay modes. The branching fraction of
the direct three-body decay mode Λ+c ππ is not large for
Λc(2595)
+ while large for Λc(2625)
+, so it is impossible
to learn Λc(2625)
+ only from the branching fraction of
the two-body strong decay modes. Account for theoreti-
cal predictions of masses of excited Λc, Λc(2595)
+ and
Λc(2625)
+ are possibly the 1P -wave charmed baryons
Λc1(
1
2
−
) and Λc1(
3
2
−
), respectively. The predicted de-
cay widths are consistent with experiments.
Λc(2765)
+ (Σc(2765)
+) seems impossibly the 1P -wave
charmed baryon. It is possibly the 2S-wave or 1D-
wave charmed baryon. The strong decay behavior of the
two 2S-wave (λ-mode excitation and ρ-mode excitation)
baryons are similar, and it is difficult to distinguish them
through their strong decays. So far, few experimental in-
formation of Λc(2765)
+ (Σc(2765)
+) has been obtained,
and we have no sufficient information to learn Λc(2765)
+
(Σc(2765)
+).
Λc(2860)
+ seems impossibly a 2S-wave charmed
baryon, it may be the P -wave Λ˜c2(
3
2
−
) or Λ˜c2(
5
2
−
)), it
could be the D-wave Λˇ2c1(
1
2
+
) or Λˇ2c1(
3
2
+
). If Λc(2860)
+
has JP = 32
+
, it is possibly the D-wave Λˇ2c1(
3
2
+
) with
total decay Γ = 59.6 MeV. In this case, the predicted
branching ratio R = Γ(Σc(2520)π)/Γ(Σc(2455)π) = 2.8.
The measurement of the R will be very important for the
identification of Λc(2860)
+.
Λc(2880)
+ is impossibly a 1P -wave or 2S-wave
charmed baryon, it may be a D-wave Λˇ2c3(
5
2
+
) with
Γtotal = 1.3 MeV. The predicted branching ratio R =
Γ(Σc(2520)π)/Γ(Σc(2455)π) = 0.35, which is consistent
with the measured R = Γ(Σc(2520)π)/Γ(Σc(2455)π) =
0.225± 0.062± 0.0255.
Λc(2940)
+ is possibly the P -wave Λ˜c2(
3
2
−
) or Λ˜c2(
5
2
−
),
it is possibly the D-wave Λˇ2c3(
5
2
+
) or Λˇ2c3(
7
2
+
). The
10
branching ratio R = Γ(Σc(2520)π)/Γ(Σc(2455)π) are
largely different in theses assignments, which could be
employed to distinguish them by experiment in the fu-
ture.
From Table III and Table IV, the two light quarks cou-
ple with spin Sρ = 0 or spin Sρ = 1 in different con-
figurations. In the assignments consistent with experi-
ments, the two light quarks couple with spin Sρ = 0 in
Λc(2595)
+ and Λc(2625)
+. The two light quarks cou-
ple with spin Sρ = 1 in Λc(2860)
+, Λc(2880)
+ and
Λc(2940)
+. In Λc(2765)
+ (or Σc(2765)
+), Sρ = 0 and
Sρ = 1 are both possible.
High excited assignments such as the 2P -wave or 2D-
wave charmed baryons have not been examined for these
Λc states, and relevant calculation and analyses have not
been made in the 3P0 model. Other higher possible ex-
citations assignments to these Λc states may be possible.
There are some uncertainties in the 3P0 model. The main
uncertainties result from the uncertainties of parameters
γ and β. These uncertainties may result in some large
uncertainties of the numerical results. However, the pre-
dicted branching ratios depend weakly on the parame-
ters.
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Appendix A: Flavor wave functions of baryons and
mesons
The flavor wave functions of baryons and mesons in-
volved in our study are employed as those in Ref. [3]
Λ+c =
1√
2
(ud− du)c; Σ++c = uuc;
Σ+c =
1√
2
(ud+ du)c; Σ0c = ddc;
p =
1√
2
(du− ud)u;π+ = ud¯;
n =
1√
2
(du− ud)d;π− = du¯;
π =
1√
2
(uu¯− dd¯);D+ = d¯c;D0 = u¯c;
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TABLE XIII: Decay widths (MeV) of Λc(2880)
+ as 1P -wave and 2S-wave charmed baryons. The branching fractions B1 =
Γ(Λc(2880)
+
→ Σc(2455)
++,0π−,+)/Γtotal and B2 = Γ(Λc(2880)
+
→ Σc(2520)
++,0π−,+)/Γtotal, respectively. R represents the
ratio of B2/B1.
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Γtotal B1 B2 R
1 Λc1(
1
2
−
) 0 0 184.10 92.04 6.53 3.41 286.08 64.35% 2.28% 0.04
2 Λc1(
3
2
−
) 0 0 8.45 4.35 165.42 83.02 261.24 3.23% 63.32% 19.60
3 Λ˜c0(
1
2
−
) 784.33 776.99 0 0 0 0 1561.32 - - -
4 Λ˜c1(
1
2
−
) 0 0 1104.59 552.21 9.80 5.11 1671.71 66.07% 0.59% 0.0088
5 Λ˜c1(
3
2
−
) 0 0 12.68 6.53 977.79 490.44 1487.44 0.85% 65.74% 77.34
6 Λ˜c2(
3
2
−
) 6.53 5.38 22.82 11.76 8.82 4.60 59.91 38.09% 14.72% 0.39
7 Λ˜c2(
5
2
−
) 6.53 5.38 10.18 5.23 13.72 7.15 48.19 21.12% 28.47% 1.35
8 Λ˜ρ
′
c0(
1
2
+
) 0 0 5.48 2.74 8.78 4.44 21.44 25.56% 40.95% 1.60
9 Λ˜λ
′
c0(
1
2
+
) 0 0 38.16 19.45 40.39 20.73 118.73 32.14% 34.02% 1.06
TABLE XIV: Decay widths (MeV) of Λc(2940)
+ as 1P -wave and 2S-wave charmed baryons. R = B(Λc(2940)
+
→
Σc(2520)π/B(Λc(2940)
+
→ Σc(2455)π).
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Σ
′++,0
c π
−,+ Σ
′+
c π
0 Σ
′′++
c π
0 Γtotal R
1 Λc1(
1
2
−
) 0 0 192.45 96.01 15.67 8.08 0 0 0 312.21 0.08
2 Λc1(
3
2
−
) 0 0 17.06 8.73 191.06 95.66 0 0 0 312.51 11.20
3 Λ˜c0(
1
2
−
) 768.52 777.42 0 0 0 0 0.38 0.22 0.07 1546.61 -
4 Λ˜c1(
1
2
−
) 0 0 1154.72 576.08 23.51 12.12 2.17 1.29 0.10 1769.99 0.02
5 Λ˜c1(
3
2
−
) 0 0 25.59 13.09 1111.09 555.78 0.54 0.32 0.24 1706.65 43.42
6 Λ˜c2(
3
2
−
) 25.15 22.64 46.04 23.57 21.15 10.91 1.38 0.82 0.21 151.87 0.46
7 Λ˜c2(
5
2
−
) 25.15 22.64 20.47 10.47 32.90 16.97 1.16 0.68 0.23 130.67 1.61
8 Λ˜ρ
′
c0(
1
2
+
) 0 0 5.32 2.63 10.88 5.44 0 0 0 24.27 2.05
9 Λ˜λ
′
c0(
1
2
+
) 0 0 61.37 31.15 72.62 37.06 0 0 0 202.20 1.18
TABLE XV: Decay widths (MeV) of Λc(2860)
+ as D-wave excitations. The branching ratios B1 = Γ(Λc(2860)
+
→
Σc(2455)
++,0π−,+)/Γtotal and B2 = Γ(Λc(2860)
+
→ Σc(2520)
++,0π−,+)/Γtotal, respectively. R represents the ratio of B2/B1.
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Γtotal B1 B2 R
1 Λc2(
3
2
+
) 0 0 5.38 2.74 0.64 0.33 9.09 59.19% 7.04% 0.12
2 Λc2(
5
2
+
) 0 0 6.92× 10−2 3.63× 10−2 3.63 1.86 5.60 1.24% 64.82% 52.27
3 Λˆc2(
3
2
+
) 0 0 48.46 24.62 5.70 2.92 81.70 59.31% 6.98% 0.12
4 Λˆc2(
5
2
+
) 0 0 0.62 0.33 32.67 16.76 50.38 1.23% 64.85% 52.72
5 Λˇ1c0(
1
2
+
) 0 0 0 0 0 0 0 - - -
6 Λˇ1c1(
1
2
+
) 0 0 0 0 ≈ 0 ≈ 0 ≈ 0 - - -
7 Λˇ1c1(
3
2
+
) 0 0 ≈ 0 ≈ 0 0 0 ≈ 0 - - -
8 Λˇ1c2(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 0 ≈ 0 - - -
9 Λˇ1c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 - - -
10 Λˇ0c1(
1
2
+
) 21.52 18.35 120.40 61.19 33.57 17.22 272.25 44.22% 12.33% 0.28
11 Λˇ0c1(
3
2
+
) 21.52 18.35 30.10 15.30 82.92 43.05 211.24 14.25% 39.25% 2.75
12 Λˇ2c1(
1
2
+
) 15.48 13.21 21.54 10.94 6.02 3.09 70.28 30.65% 8.57% 0.28
13 Λˇ2c1(
3
2
+
) 15.48 13.21 5.38 2.74 15.07 7.73 59.61 9.03% 25.28% 2.80
14 Λˇ2c2(
3
2
+
) 0 0 48.45 24.62 5.54 2.85 81.46 59.48% 6.80% 0.11
15 Λˇ2c2(
5
2
+
) 0 0 0.28 0.15 32.60 16.72 49.75 0.56% 65.53% 117.02
16 Λˇ2c3(
5
2
+
) 3.45× 10−2 2.27× 10−2 0.32 0.17 9.55 × 10−2 5.10 × 10−2 0.69 46.38% 13.84% 0.30
17 Λˇ2c3(
7
2
+
) 3.45× 10−2 2.27× 10−2 0.18 0.09 0.13 0.07 0.53 33.96% 24.53% 0.72
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TABLE XVI: Decay widths (MeV) of Λc(2880)
+ as D-wave excitations. The branching ratios B1 = Γ(Λc(2880)
+
→
Σc(2455)
++,0π−,+)/Γtotal and B2 = Γ(Λc(2880)
+
→ Σc(2520)
++,0π−,+)/Γtotal, respectively. R represents the ratio of B2/B1.
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Γtotal B1 B2 R
1 Λc2(
3
2
+
) 0 0 6.48 3.28 0.84 0.43 11.03 58.75% 7.62% 0.13
2 Λc2(
5
2
+
) 0 0 11.16 × 10−2 5.82 × 10−2 4.70 2.40 7.27 1.54% 64.65% 41.98
3 Λˆc2(
3
2
+
) 0 0 58.30 29.55 7.50 3.84 99.19 58.78% 7.56% 0.13
4 Λˆc2(
5
2
+
) 0 0 1.00 0.52 42.27 21.59 65.38 1.53% 64.65% 42.25
5 Λˇ1c0(
1
2
+
) 0 0 0 0 0 0 0 - - -
6 Λˇ1c1(
1
2
+
) 0 0 ≈ 0 0 ≈ 0 ≈ 0 ≈ 0 - - -
7 Λˇ1c1(
3
2
+
) 0 0 ≈ 0 ≈ 0 0 0 ≈ 0 - - -
8 Λˇ1c2(
3
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 - - -
9 Λˇ1c2(
5
2
+
) 0 0 ≈ 0 ≈ 0 ≈ 0 0 ≈ 0 - - -
10 Λˇ0c1(
1
2
+
) 35.56 32.29 145.13 73.57 43.43 22.18 352.16 41.21% 12.33% 0.30
11 Λˇ0c1(
3
2
+
) 35.56 32.29 36.28 18.39 108.57 55.45 286.54 12.66% 37.89% 2.99
12 Λˇ2c1(
1
2
+
) 25.50 23.17 25.92 13.13 7.78 3.98 99.48 26.06% 7.82% 0.30
13 Λˇ2c1(
3
2
+
) 25.50 23.17 6.48 3.28 19.46 9.94 87.83 7.38% 22.16% 3.00
14 Λˇ2c2(
3
2
+
) 0 0 58.30 29.55 7.23 3.70 98.78 59.02% 7.32% 0.12
15 Λˇ2c2(
5
2
+
) 0 0 0.44 0.23 42.15 21.52 64.34 0.68% 65.51% 96.34
16 Λˇ2c3(
5
2
+
) 0.13 0.10 0.51 0.27 0.18 0.09 1.28 39.84% 14.06% 0.35
17 Λˇ2c3(
7
2
+
) 0.13 0.10 0.28 0.15 0.24 0.13 1.03 27.18% 23.30% 0.86
TABLE XVII: Decay widths (MeV) of Λc(2940)
+ as D-wave excitations. R = Γ(Σc(2520)
++.0π)/Γ(Σc(2455)
++.0π)
N Assignment D0P D+N Σ++,0c π
−,+ Σ+c π
0 Σ∗++,0c π
−,+ Σ∗+c π
0 Σ
′++,0
c π
−,+ Σ
′+
c π
0 Σ
′′++
c π
0 Γtotal R
1 Λc2(
3
2
+
) 0 0 9.14 4.61 1.42 0.73 0 0 0 15.90 0.16
2 Λc2(
5
2
+
) 0 0 0.28 0.15 7.56 3.84 0 0 0 11.83 27.00
3 Λˆc2(
3
2
+
) 0 0 82.25 41.51 12.86 6.55 0 0 0 143.17 0.16
4 Λˆc2(
5
2
+
) 0 0 2.60 1.34 68.12 34.56 0 0 0 106.62 26.20
5 Λˇ1c0(
1
2
+
) 0 0 0 0 0 0 0 0 0 0 -
6 Λˇ1c1(
1
2
+
) 0 0 0 0 ≈ 0 ≈ 0 47.46 24.94 1.83 × 10−4 72.40 -
7 Λˇ1c1(
3
2
+
) 0 0 ≈ 0 ≈ 0 0 0 3.00 × 10−3 1.99 × 10−3 12.46 12.47 -
8 Λˇ1c2(
3
2
+
) 0 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 5.40 × 10−3 3.58 × 10−3 1.65 × 10−4 9.15 × 10−3 -
9 Λˇ1c2(
5
2
+
) ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 2.40 × 10−3 1.59 × 10−3 2.57 × 10−4 4.25 × 10−3 -
10 Λˇ0c1(
1
2
+
) 65.96 63.23 205.65 103.81 69.87 35.44 1.60 × 10−1 8.75 × 10−2 7.61 × 10−4 544.21 0.34
11 Λˇ0c1(
3
2
+
) 65.96 63.23 51.41 25.95 174.67 88.59 1.24 × 10−2 8.17 × 10−3 3.37 × 10−2 469.86 3.40
12 Λˇ2c1(
1
2
+
) 46.93 45.02 36.56 18.45 12.48 6.33 24.64 12.90 2.30 × 10−4 203.31 0.34
13 Λˇ2c1(
3
2
+
) 46.93 45.02 9.14 4.61 31.20 15.82 3.72 × 10−3 2.46 × 10−3 6.60 159.33 3.41
14 Λˇ2c2(
3
2
+
) 0 0 82.25 41.51 11.96 6.07 2.14 × 10−3 1.42 × 10−3 6.54 × 10−5 141.79 0.15
15 Λˇ2c2(
5
2
+
) 0 0 1.16 0.60 67.72 34.35 9.53 × 10−4 6.32 × 10−4 1.02 × 10−4 103.83 58.38
16 Λˇ2c3(
5
2
+
) 0.88 0.76 1.32 0.68 0.58 0.30 10.04 × 10−4 6.62 × 10−4 8.96 × 10−6 4.52 0.44
17 Λˇ2c3(
7
2
+
) 0.88 0.76 0.74 0.38 0.78 0.40 3.28 × 10−7 2.72 × 10−7 4.05 × 10−5 3.94 1.05
